Erectile dysfunction (ED) is a common complication after radical prostatectomy and results from trauma sustained by the cavernosal nerves. This is a major concern for patients and often affects treatment decisions. The likely mechanism for post-prostatectomy ED is through corporal venoocclusive dysfunction. There is an increasing amount of evidence to suggest that phosphodiesterase 5 inhibitors (PDE5 inhibitors), when given on a continuous long-term basis, can help to prevent and reverse ED after surgery. In this review article we will examine the pathophysiology of postprostatectomy ED and discuss the experimental and available clinical evidence for administering PDE5 inhibitors after prostatectomy. 
Erectile dysfunction is common following radical prostatectomy
Recent data suggest that approximately 161 000 men per year undergo a radical prostatectomy in the United States. 1 It is thought that many more men who are diagnosed with early-stage prostate cancer would accept this surgical form of treatment for their newly diagnosed disease if it were not for the possibility of the development of erectile dysfunction (ED). This common complication after radical prostatectomy is largely due to trauma sustained by the cavernosal nerves and is still widely encountered even after the most recent advances in surgical technique to spare the nerves. [2] [3] [4] [5] Of men that are potent before surgery, only about 40-74% of men regain sexual function. [4] [5] [6] [7] In fact, 41.9% of men reported that their sexual performance was a moderate to large problem after surgery 7 and patients appear to value sexual function so highly that they are often willing to choose therapy that offers better potency with lower life expectancy than options that offer longer life expectancy and lower potency rates. 8 Radical prostatectomy seems to disrupt and/or damage the neurovascular mechanisms responsible for eliciting an erection thereby resulting in either temporary or permanent ED postoperatively. In its mildest form, apparent in a successful bilateral nerve sparing prostatectomy, the trauma resulting from surgical manipulation of the neurovascular bundles may result in a neuropraxia leading to temporary ED. The most severe form of ED results from a non-nerve sparing prostatectomy where both nerves are transected, either volitionally or unrecognized at the time of surgery, and this leads to the complete loss of neuroregulatory functions in the corpora cavernosa.
CVOD is the most common form of ED following radical prostatectomy
Injury to the cavernosal nerves results in the atrophy and degradation of the underlying cavernosal smooth muscle, which, besides resulting in ED, may also lead to a decrease in penile weight. 9 Histologically, such a neuropraxia/neurotomy leads to apoptosis of the cavernosal smooth muscle and an excessive deposition of collagen within the cavernosa, which clinically results in corporal veno-occlusive dysfunction (CVOD). CVOD or venous leakage occurs because of the inability of the cavernosal smooth muscle cell mass to adequately compress the subtunical veins and prevent leakage of blood out of the cavernosa during tumescence. With CVOD, the patient complains of the inability to obtain and maintain an erection sufficient for completion of the sexual act and CVOD has been recognized as the major cause of ED subsequent to radical prostatectomy. 10, 11 Therefore, the poor response of many patients to the oral phosphodiesterase 5 inhibitors (PDE5) inhibitors given on demand post-radical prostatectomy could be due either to the neural injury which prevents the normal release of nitric oxide from the cavernosal nerve endings (a necessary requirement for the synthesis of the second messenger cyclic guanosine monophosphate (cGMP) within the cavernosa) or the subsequent loss of some of the corporal smooth muscle mass as elucidated above due to the neural injury or a combination of both conditions. In addition, the failure of vasoactive drugs injected intracorporeally into the penis to induce an erection in post-prostatectomy patients suggests that the corporal smooth muscle mass has most likely been impacted by the surgery in these patients. While arterial insufficiency post-prostatectomy due to intraoperative damage to the arteries supplying blood to the cavernosa is another means by which some of these men may experience ED, 12 it is CVOD that is the predominant cause of ED postprostatectomy.
Although the hypoxia theory has been promulgated as the reason why there is a loss of corporal smooth muscle and an increase in collagen following this neural injury post-prostatectomy, the scientific evidence to show that intracellular hypoxia occurs during detumescence is very weak at best. This hypoxia theory states that low-oxygen tension occurs within the cavernosal tissue when there is detumescence and this leads to the induction of elevated levels of the profibrotic cytokine, transforming growth factor-b1 (TGFb1), within the cavernosa. 13, 14 However, to date, the only p02 that has been measured within the penis in such a setting is the sinusoidal p02 and there is no scientific evidence that the smooth muscle and other components of the cavernosal tissue obtain O 2 from the sinusoids rather than their own capillaries.
Antifibrotic role of NO following cavernosal nerve resection
The one theory that seems to be the most plausible in explaining why the corporal smooth muscle deteriorates in tandem with an increase in collagen content following radical prostatectomy is that it is the neural injury itself that induces proapoptotic (loss of smooth muscle) and profibrotic (increase in collagen) factors within the cavernosa. It is possible that the ablation by neuropraxia of certain key growth factors produced by the cavernosal nerves may be responsible for eliciting the smooth muscle fibrosis and atrophy observed in corporal tissue. However, the production of cytokines and noxious agents by the damaged nerve axons may also be the causal factor of the increased early smooth muscle apoptosis, 15, 16 which in turn may trigger collagen deposition to replace the lost cells. Similarly to the situation with skeletal muscle atrophy after denervation, 17 ,18 the molecular and cellular etiology of the tissue atrophy subsequent to cavernosal nerve damage remains to be elucidated.
In an attempt to counteract this proapoptotic and profibrotic cascade induced by such a neural injury, the cavernosal tissue itself then initiates an antiapoptotic and an antifibrotic defense mechanism via the formation of nitric oxide and cGMP within the smooth muscle itself (Figure 1) . 19 The key to erectile function post-radical prostatectomy in patients who are potent before the prostatectomy is maintenance of the integrity of the corporal histology (that is, prevention of both fibrosis and apoptosis of the smooth muscle). Therefore, in the post-prostatectomy patient, tumescence should be attainable au natural if both the nerves and blood vessels are not injured during the surgery. However, even if the nerves are injured but the histology of the cavernosal tissue can be preserved, as long as the arterial inflow is not impeded then tumescence in these patients may be achieved albeit with the use of intracorporeal injections and possibly with intraurethral applications of vasoactive substances. Nitric oxide, as the case of its subsequent downstream second messenger cGMP that also acts as an antifibrotic agent in the setting of cavernosal nerve injury, does not emanate from the nitrergic nerve endings of the cavernosal nerve but is induced by the smooth muscle itself. 18 The nitric oxide from the nerve endings of the cavernosal nerve is produced by the neuronal isoform of the nitric oxide synthase (nNOS) enzyme 20 whereas the nitric oxide that emanates from the cavernosal smooth muscle cells once the neural injury occurs is derived, at least in part, from the induction of the inducible isoform of nitric oxide synthase (iNOS). 15, 16 There is a marked distinction between these two isoforms. While nitric oxide in the corpora during sexual stimulation is believed to be produced immediately upon sexual stimulation, albeit in small amounts, primarily by the activation of nNOS, the production of nitric oxide from iNOS in the corpora is very different from that of nNOS in that it is unrelated to sexual stimulation and occurs by transcriptional induction that results in the production of sustained amounts of nitric oxide, although somewhat delayed in its onset.
The evidence supporting the view that iNOS undergoes spontaneous induction in the corpora cavernosa in certain conditions such as aging, diabetes and specifically cavernosal nerve damage by protecting the histological and functional integrity of the corpora through combating fibrosis, stems from four main sources of experimental data. First, the fact that general inhibition of the activity of all NOS isoforms, and hence nitric oxide production, by prolonged sustained administration of N(G)-nitro-L-arginine methyl ester to rats, leads to considerable fibrotic degeneration in organs such as the heart, liver and kidney, independent of hemodynamic factors that may contribute to this process. [21] [22] [23] [24] [25] Second, specific genetic blockade of iNOS in the iNOS knockout mice leads to exacerbation of experimental fibrosis of the kidney and liver, 26, 27 and the chronic inhibition of iNOS activity in rats by N6-(1-iminoethyl)-L-lysine dihydrochloride (L-NIL) intensifies aging-related fibrosis of the arterial wall and of the experimentally induced Peyronie's disease-like fibrotic plaque in the penis. 28, 29 Third, administration of iNOS cDNA in the latter model reduces the fibrotic plaque. 30 Finally, specifically in cavernosal nerve damage, a similar treatment with L-NIL exacerbates CVOD and the underlying fibrosis of the corpora. 16 It is assumed that prolonged endogenous induction of iNOS to moderate levels produces sufficient nitric oxide as to reduce collagen synthesis, quench reactive oxygen species (ROS), inhibit TGFb1 expression and myofibroblast differentiation, and activate metalloproteinases that break down collagen. 17 If nitric oxide reaches excessive levels it may turn to be deleterious by causing cell death and oxidative stress, and this will depend on the tissue environment.
PDE5 inhibitors protect the integrity of the corporal smooth muscle following cavernosal nerve resection: experimental evidence
There is quite an amount of emerging scientific evidence to suggest that prolonged elevated levels of nitric oxide and cGMP can have an antifibrotic effect on a variety of tissues including tunica albuginea and corporal tissue (Figure 2) . 19, 20, 31 Since PDE5 inhibitors work by inhibiting the enzyme that degrades cGMP, and since cGMP via activation of PKG inhibits collagen synthesis, this may be the preferential route of antifibrotic action when cGMP levels are maintained high for sustained periods. Although cGMP seems to stabilize iNOS mRNA or activate its transcription, 32 and thus may upregulate nitric oxide production, recent evidence suggest that this is not the case for the long-term effects of tadalafil on corporal fibrosis after cavernosal nerve damage in the rat. 16 Although there have been reports in the literature regarding the clinical effects of administration of these PDE5 inhibitors postprostatectomy, [33] [34] [35] [36] the rationale behind the use of these drugs on a prolonged and continuous basis in the post-prostatectomy patient has never been fully and scientifically delineated. The recent publication by Ferrini et al. 15 examined the effects of the administration of the PDE5 inhibitor, vardenafil, and demonstrated that the prolonged and continuous administration of the compound was effective in preventing both the fibrosis and loss of smooth muscle seen following bilateral cavernosal nerve resection (Figure 3) . Compared with the sham group, the bilateral cavernosal nerve resection rats demonstrated a threefold increase in intracorporeal apoptosis, a 60% reduction in the smooth muscle to collagen ratio, a twofold increase in iNOS expression and development of CVOD (Table 1) . When vardenafil was given daily for 45 days to the animals that underwent bilateral cavernosal nerve resection, CVOD did not develop and the abnormal corporal smooth muscle to collagen ratio seen in the bilateral cavernosal nerve-resected group was normalized. Similar results have been reported in the both the unilateral and bilateral nerve resection Figure 2 Relationship between reactive oxygen species (ROS) and nitric oxide (NO)/cyclic guanosine monophosphate (cGMP) following cavernosal nerve resection.
Phosphodiesterase 5 inhibitor post-prostatectomy
A Rambhatla et al models using continuous long-term administration of sildenafil. 16 A parallel study by Vignozzi et al. 37 also found that chronic tadalafil administration (120 days) to rats similarly reversed the decline in the cavernosal smooth muscle to collagen ratio that occurred after a bilateral cavernous neurotomy. Although Vignozzi et al. hypothesized that the effect of the tadalafil may have been due to the reversal of hypoxia induced by the neurotomy, these studies taken together suggest that PDE5 inhibitors can potentially protect and preserve the integrity of the corpora after cavernosal nerve damage when given on a prolonged and continuous basis.
PDE5 inhibitors protect the integrity of the corporal smooth muscle following cavernosal nerve resection: clinical evidence
The only clinical trial to suggest vaguely that chronic PDE5 inhibition post-prostatectomy may preserve the integrity of the corpora emanates from Schwartz et al. 35 who performed post-prostatectomy biopsies on men on chronic sildenafil treatment and found that the corporal smooth muscle to collagen ratio was maintained in those patients treated with chronic sildenafil while those who did not take sildenafil showed loss of smooth muscle content with a concomitant increase in collagenization of the corpora.
Clinical trials have also examined whether the routine use of PDE5 inhibitors on an on-demand basis to induce an erection post-prostatectomy, as opposed to its chronic use on a daily basis, may be beneficial long term in treating or correcting the ED that occurs after radical prostatectomy. Indeed, there are a number of such on-demand treatment studies using each one of the PDE5 inhibitors, vardenafil, 33 sildenafil 34 and tadalafil, 36 and each one touting the efficacy of their compound in improving postprostatectomy potency rates. Although the theory promulgated by these latter nonrandomized, noncontrolled studies to explain the efficacy of the PDE5 inhibitors is via cavernosal oxygenation, as enumerated earlier in this review there is as yet no direct scientific evidence to support that these compounds improve tissue oxygenation within the corporal tissue itself.
What is apparent from the emerging clinical and experimental data on the use of PDE5 inhibitors post-prostatectomy is that these drugs appear to play some role in preserving the integrity of the corporal tissue following cavernosal nerve damage (Figure 3) . The importance of this observation is that regardless of whether the neural injury to the penis following surgery is permanent or not, preservation of the normal histology of the preoperative cavernosa will allow the corporal tissue to respond normally to the administration of locally administered proerectogenic agents even if the tissue should fail to respond normally to the on-demand agents. Emerging studies focusing on the molecular mechanisms of apoptosis and fibrosis are beginning to shed some light as to why the chronic and prolonged use of PDE5 inhibitors is proving to be beneficial. Obviously, further animal and randomized clinical studies are needed to confirm these exciting preliminary observations. A paradigm involving the discontinuation of the PDE5 inhibitor administration after the long-term post-prostatectomy treatment would allow one to verify whether indeed the improved erectile response is maintained in the total absence of the drug. The latter would suggest that the beneficial effects of this regimen with PDE5 Phosphodiesterase 5 inhibitor post-prostatectomy A Rambhatla et al inhibitors on the underlying corporal histology seen in the rat model would also occur in men, and support the role of smooth muscle fibrosis in the etiology of CVOD.
